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Kask, Hans Richard, M. S.C.B. , Purdue University, January
1964. STUDIES OF DEFLECTION DUE TO CREEP IN PRESTRESSED
CONCRETE
.
Major Professori Martin J. Gutzwiller.
This research is concerned with the creep and shrinkage
characteristics and their effects on the camber in prestressed
concrete beams cast, cured, and stored in the field. Creep
strains were measured on beams fabricated by the Concrete
Products Division of the Martin-Marietta Company for the U.S.
Army Corps of Engineers. Non-prestressed specimens were made
to differentiate between the creep and shrinkage strains.
Strains in the prestressed and non-prestressed specimens were
measured on the surface of the beams with a 10" Whittemore
Strain Gage. The camber of the prestressed beams was measured
with a surveyor's level and an ordinary leveling rod.
The prestressing force in the beams was obtained by
fifty-three Roebling 7-wire strands having a nominal diameter
of 7/16 inches. The 10p foot prestressed beams were cast
with high-early strength cement. The beams were steam cured
continuously for sixteen to eighteen hours from the time of
completion of casting to detensioning.
The main conclusions for steam cured prestressed con-
crete beams manufactured with high-early cement are as
follows f
1. Creep, shrinkage, and elastic shortening
strains were less than anticipated.
2. Prestress losses were found to be only
65% of the nominal value used by designers.
3. Predicted modulus of elasticity ot concrete
compares favorably with the measured modulus
of elasticity.
4. An equation for predicting camber comes
close to actual measured camber, the ratio
of measured total to predicted total camber
being 1.049.
INTRODUCTION
Prestressed concrete is still fairly new to the American
people. Although it has been used for some twenty-five
years or more in Europe, prestressed concrete in bridge
construction was not used in this country until 1949 when the
Walnut Lane Bridge was built in Philadelphia.
Since that time, prestressed concrete has advanced in
the construction industry to the point where it is given
equal consideration along with other building materials such
as steel, wood and reinforced concrete. The most common
applications of prestressed concrete have been in bridge and
building construction. Other applications, such as water
tanks, railway ties, fence posts and telephone poles have
seen limited use.
Concrete is noted for its strength in compression and
relatively low tensile strength. Steel in contrast has high
tensile strength. Prestressed concrete takes advantage of
these material characteristics by precompressing the concrete
with high strength steel. The two materials are combined so
that the concrete is generally stressed in compression. The
steel is always at a high tensile stress. For economical
design, both high-strength concrete and high-strength steel
are required.
2As mentioned, the concrete is normally in compression
in a prestressed concrete beam and therefore no tension
cracks are expected. Thus, the whole cross-section can be
utilized in resisting external bending moment. In a rein-
forced concrete beam, the moment of inertia of the cracked
section is used to calculate the concrete stresses. Since
the whole cross-section can be used in a prestressed concrete
beam, a smaller prestressed beam will give a stiffness equal
to that provided by the cracked section of the larger rein-
forced concrete beam. Since the usable moment of inertia is
greater for a prestressed concrete beam than for an identical
sized reinforced concrete beam, the prestressed beam can resist
a larger bending moment and thus be used for larger span-to-
depth ratios than ordinary concrete.
Some other advantages of prestressed concrete are due
principally to precasting. Precast prestressed concrete
beams are cast in forms at the plant. This results in improved
workmanship and uniformity of materials. Time is also saved
since it takes less time to erect the precast members than
it does to construct falsework, forms, pour and cure concrete
at the job site.
A prestressed concrete beam has a high stress in it which
remains constant until the beam is loaded. (The effects of
shrinkage, elastic deformation, and creep on the concrete are
not considered here. ) This high stress causes the concrete
to creep or deform nonelastically. As long as the high stresses
are not relieved by a loading of some sort, the nonelastic
deformation continues to increase with time. Creepage is of
little importance in ordinary reinforced concrete because the
member is not stressed until a much later date.
In many circumstances creep effects work to the best
advantage in that creep is able to produce volume changes
which give a more favorable distribution of stresses. The
effect of creep is in general to relieve stresses in highly
stressed regions (where possible) resulting in reduced
(19 )*tendency toward cracking
Creep strain will affect the camber of a beam. In pre-
stressed concrete beams where the center of gravity of the
prestressing steel does not coincide with the center of gravity
of the beam, the prestressing will induce a moment which
causes the beams to camber. As creepage is able to relieve
stresses, it will induce an additional moment similar to the
moment due to prestressing force. Therefore, creep in pre-
stressed concrete beams will cause the beams to camber.
Creep can be detrimental in that it may cause the pre-
stressed beam to camber to a point where the architectural
appearance is affected. Also, . in the case of bridges,
excessive camber of the beam may cause the bridge deck to
crack, or where several prestressed members are placed adja-
cent to each other, fittings on top of a series of cambered
*
Number in parentheses refers to the reference in the
Bibliography.
beams may not be in perfect alignment due to variation in
camber between beams. Likewise, the shortening, due to
creep, of the beam of a prestressed portal frame alters
the horizontal reaction at the feet and thus creates secon-
dary moments which could also be detrimental* . Creep may
also reduce the prestress force to such a point that the
beam may not be able to function as it was designed. Thus,
it is very important in prestressed concrete construction
to be able to predict creep and shrinkage and to provide for
them adequately in design.
(21
)
Since Woolson* in 1905 first made reference to
creep, numerous tests and experiments have been conducted on
creep of concrete. Despite the seemingly large amount of
work accomplished by various investigators, the experimental
data published during the years is limited in scope. This is
due to the number of physical variables involved, and to the
lack of correlated experimental results of various investi-
gations.
Most of the experimental studies on creep have been con-
ducted in the laboratory. Studies of creep and deflection
in prestressed concrete beams have involved laboratory
samples which are not typical of most field specimens. Labora-
tory specimens, in general, are smaller than field specimens
and are protected from the elements such as rain, temperature
and possibly humidity changes. Laboratory results are helpful
in evaluating creepage and deflection under controlled
conditions. The validity of the results thus obtained is
questionable for prestressed concrete beams cast and cured
in the field.
As the majority of prestressed concrete beams are poured,
cured and stored in the open, creep and deflection informa-
tion obtained from such beams should be helpful in the design
of prestressed members.
PURPOSE OF INVESTIGATION
The purpose of this research was to investigate the
creep, shrinkage, and deflection characteristics of pre-
stressed concrete I-beams cast, cured, and stored in the
field.
Design information such as the relationship between
creep and changing deflection or camber was to be obtained.
In this research, it was desired to find an expression
which would predict the deflection behavior of I-beams
which were to be stored for considerable periods of time
before being subjected to regular service loads.
Also, it was desired to find an improved method for
predicting creep and shrinkage strains. In the design of
prestressed concrete beams, it is necessary to make allowances
for stress losses in prestressing steel due to shrinkage,
creep, and elastic strain. This prestress loss is usually
assumed to be about twenty per cent of the initial prestress
or 35,000 psi in the case of strand tendons. An accurate
way of predicting this loss would increase the reliability
of design assumptions.
PRESENT THEORIES ABOUT SHRINKAGE AND CREEP
Shrinkage
Shrinkage is a volume change which is a natural conse-
quence of the curing process. The amount of shrinkage. is
influenced by several factors of which moisture and age are
probably the most important.
Concrete shrinks due to a loss of moisture and expands
due to a gain of moisture. Concrete may also shrink due to
chemical reactions present in hardening. As concrete cures,
its total volume decreases slightly. We are particularly
concerned with the decrease in length which accompanies this
volume reduction.
At present, the most commonly accepted theory is that
shrinkage is due to capillary pressure in the cement "gel".
This capillary pressure is caused by the evaporation of
colloidal water. Shrinkage is approximately proportional to
the paste content, that is the amount of cement plus water
present per unit volume of concrete. Water is responsible
for about eighty per cent of the shrinkage^ . Wetter
consistencies, finer sands, and smaller coarse aggregates
will increase the water requirements of the paste and thus
(19 )increase shrinkage* .
The curing conditions can limit the amount of shrinkage.
Most of the original shrinkage takes place during the curing
period of the first few months. If during these early months
the concrete is cured with ample curing moisture, the shrinkage
will be small. Complete hydration is approached under this
condition. If moist curing is discontinued, the concrete will
.
undergo shrinkage, part of which can be recovered by a
thorough rewetting.
The amount of shrinkage can be limited somewhat by
placing shrinkage reinforcement in the direction of the
expected contraction. The opposing internal restraint of the
reinforcement decreases the potential shrinkage of the concrete.
Shrinkage of concrete is low for those cements which are
moderately high to high in tricalcium silicate, the con-
stituent which contributes most to early strength
.
If concrete is subjected to numerous cycles of shrinkage
and expansion, a gradual breakdown of the internal structure
of the hardened cement-water paste and its bond to the
aggregate particles may result and this in turn may result in
disintegration of the concrete* .
In prestressed concrete, shrinkage tends to cause a
shortening of the prestress wires which results in a reduction
of the tensile stress in the strands.
Shrinkage is advantageous in prestressed concrete in one
respect in that it causes the concrete to grip the steel
tightly, thus decreasing the possibility of slippage.
Creer
Creep of concrete subjected to sustained load is the
nonelastic deformation which continues to increase with time* ,
Creep can also be defined as the delayed portion of the total
unit deformation resulting from stresses within the propor-
tional elastic range of the material*
If a stress is placed upon a concrete member, the water
does not have an opportunity to combine with the particles,
but instead is forced through capillary channels to the
outside surface. The major cause of plastic deformation is
believed to be this seepage of colloidal or adsorbed water
from the gel 1 . Other factors may be involved here also.
The yielding of concrete may be due to closing off of the
internal voids, the crystalline flow of aggregates, and /or
the viscous flow of the cement-water paste.
As the strength of concrete is a function of many vari-
ables, so also is the rate of creep. Previous tests have
shown that any of the following factors may cause higher
creep t
(a) low relative humidity
(b) loading soon after placing
(c) low strength concrete
(d) small members
(e) high water-cement ratio
,





(j) high temperatures of the cement gel.
Large , discussing oven dried concrete specimens
sealed in varnish to keep moisture out, explains that the
specimens in dry atmosphere creep much more than similar
specimens in humid atmospheres. The specimens sealed in
varnish displayed creep until hygroscopic moisture had pene-
trated through the varnish into the specimens satisfying the
(6 )thirst or the gel. Davis and Troxell came to the same
conclusions by conducting tests on prestressed beams painted
with waterproof paints.
In other tests by R. '£. Davis, H. E. Davis, and J. S.
( 5 )Hamilton prior to 1934, it was found that concrete with
a fine aggregate gradation, with a fineness modulus of 5.15
and 3/4 inch maximum size aggregate, had between 1/2 to 3/4
the creep of a concrete having a coarse aggregate gradation
with a fineness modulus of 5.69 and 1-1/2 inch maximum aggre-
gate size. They explained this as being due to the difference
in the total surface areas of the agqregate particles. The
concrete with the finer particles of aggreqate has a thinner
film of cement gel around each particle and thus offers a
greater frictional resistance to the relative movement of
particles vithin the mass of the structure.
As creep is of areat importance in prestressed concrete,
attention should be paid to the selection of aggregates to be
11
used. Concretes containing dense and hard aggregates having
low absorption and high modulus of elasticity have less
(6)
creep. Test results have shown that creep of concrete
containing sandstone, basalt, or granite may be from 2-1/2 to
1-1/2 times as great as that of a concrete containing hard
limestone aggregate.
The measurement of creep strain is closely related to
shrinkage strain. Both creep and shrinkage are dependent
upon the curing and drying conditions. Both strains occur
simultaneously in prestressed concrete beams curing in the
open. To find creep strain, the shrinkage strain must be
obtained from an identical unloaded concrete member and sub-
tracted from the total strain measured in the prestressed
member. Both members must undergo identical curing conditions,
Both creep and shrinkage are long time effects and will
theoretically continue indefinitely. In tests and practice,
it has been found that the strains will become nearly constant
at the end of two or three years. For cured-in-air concretes,
approximately 1/4 of the total creep takes place within the
first fourteen days of loading, 1/2 during the first three
months, and 3/4 during the first year .
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OUTLINE OF TEST PROCEDURE
The prestressed I-beams to be used in the study were
designed to meet the standards set forth by the Bureau of
Public Roads "Criteria for Prestressed Concrete Bridges"
(1955), the ACI-ASCE Joint Committee 323 "Tentative Recom-
mendations for Prestressed Concrete" (1958) and the "AASHO
Standard Specifications for Highway Bridges" (1961).
The I-beams studied were 103* -2" long, 6'-0" deep, and
8" wide in the web. (See Figures 1 and 2 for section details.)
The section properties of a typical beam are as follows
i
2 (Cross sectional area of beam)
(Moment of inertia of beam)
(Section modulus of top of beam)
(Section modulus of bottom of
beam)
(Distance from center of gravity
of beam to bottom of beam)
(Weight per linear foot of beam)
(Number of prestressing strands)
(Ultimate strength of prestres-
sing steel)
f
'| = 175,000 psi (Initial stress in prestressing
steel)
a =4.46 in. (Distance from bottom of beam
to center of gravity of steel)
2^ = 1,009,750 lbs. (Initial prestress force)
*b = 933 in.
h>
= 563,927 in. 4
STB
= 14,530 in. 3
SBB




Wb = 972 lbs. /ft.
n = 53























































Small companion unreinf orced concrete beams were cast
simultaneously with the prestressed specimens. These unre-
inf orced beams had the dimensions of 6" x 6" x 30" and
6" x 12" x 72". These specimens were cast for the purpose
of measuring shrinkage strains.
Along with the beams, ten standard concrete cylinders
(6 inches in diameter and 12 inches in height) were prepared
for each pouring. These cylinders were used to find the
compressive strength and the modulus of elasticity of the con-
crete.
The prestressed beam, the unreinforced beams and the
test cylinders underwent identical curing. Immediately after
casting, steam curing was begun and was continued for sixteen
to eighteen hours until the prestressed beam was stripped and
detensioned.
Before detensioning, metal gage points were cemented to
the concrete surface at the level of the center of gravity
of the prestressing steel. A small hole was drilled in each
gage point to receive the mechanical strain gage. Metal gage
points were also placed on three surfaces of the shrinkage
specimens. The surface strains were measured with a 10**
Whittemore Strain Gage. The strain readings were taken
immediately after detensioning of the prestressed beam and
then periodically at one week intervals. The initial elastic
shortening was obtained from the strain reading taken
immediately after detensioning. The strain from the shrinkage
specimens was recorded weekly.
16
The 6" by 12" concrete cylinders were tested for
strength and the modulus of elasticity at the end of one day,
one week, two weeks, one month, two months, three months, four
and one-half months, and six months. (See Figure 3)
Camber measurements were taken with a surveyor's level
and leveling rod with a target. The readings at the ends,
quarter points and the mid-point of the beam were taken
immediately after detensioning and then at one week intervals.
17
FIG. 3




The aggregate used in the concrete mix was crushed lime-
stone which was taken from the Newton County Stone Company,
Kentland, Indiana. The U. S. Army Corps of Engineers tested
the aggregate and found it to be of high quality.
The maximum size of the limestone aggregate was 3/4 of
an inch. This maximum size was chosen for the prestressed
beams due to close spacing of the prestressing strands. The
fineness modulus for the aggregate used in the batch was 6.41.
sand
The sand was taken from the Western Indiana sand and
Gravel Company, West Lafayette, Indiana. The fineness modulus
for the sand used in the batch was 2.80.
Cement
The cement used was Lone Star Type III. Type III is the




The concrete mix was prepared in batches of 1-1/2
cubic yards. After trial mixes, a combination was found
which gave a minimum strength of 5000 psi in compression
after one day. The mix included the following quantities t
2493 lbs. aggregate, 2029 lbs. sand, 974 lbs. cement, 469 lbs.
water, and 1.72 lbs. Pozzolith. The water-cement ratio of the
mix by weight was 0.490. The mix was intended. to have an air




The prestressing beds used were those of the Martin-
Marietta Company's Lafayette, Indiana Plant. (See Figures 4
through 7). The prestressing bed was so constructed that
two 103 foot beams could be cast end to end. The advantage
to this type of casting is that the effect of differential
wire slippage in the anchorage grips would be reduced.
The sides of the form, made of steel plate, were in
three sections which could be lowered and raised independently.
These sections were for the end blocks and the I-blocK of the
beam. The sides of the forms were held together with U-clamps
and braces to prevent bulging. (See Figure 8) The sides of
the forms were equipped with brackets to hold form vibrators.
In the base of the bed, anchors were provided at the 1/3
points for the draped strands.
Strands
Seven-wire strands were used in the prestressed beams.
s
The nominal diameter of the strands used was 7/16" with an
area of 0.1089 square inches. The modulus of elasticity for














TEST CYLINDERS AND SHRINKAGE SPECIMEN
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within the drum itself. For this reason, an average value
of 27,000,000 psi was used. Each beam had 53 strands for a
total of over one mile of strand. One drum held 24,000 feet
of strand, therefore, approximately four beams could be
prestressed with it.
Strand Chucks
Reusable strand chucks were provided to anchor each
individual unit of the prestressing steel. The strand chuck
consists of three tapered steel jaws, housed inside a tube
which has a cone-shaped hole. The jaws clamp and grip the
prestressing steel as the load is applied.
Jacks
Fifty-ton hydraulic Jacks with pressure gages were used
to stress the strands. A load cell was used to verify the
dial readings at the jack. All strands were stressed to
175,000 psi.
Forms
Metal forms with collapsible sides were used to obtain
shrinkage specimens. The inside dimensions of these forms
were 6" x 6" x 30". (See Figure 9)
A wooden form was built in the Carpentry Shop at Purdue?
University for larger shrinkage specimens. The inside
24
dimensions of this form were 6" x 12" x 72". The sides of
this form were removable so that replacements could be made
if the parts became worn or damaged.
25
FABRICATION
The strands were placed in the beds and stressed to
175,000 psi. One form side was then cleaned and oiled and
placed in position. The stirrups were then secured in place
by wiring to the prestressing strands. (See Figures 5, 6, and
7) The remaining side form was cleaned and oiled and placed
in position. Figure 8 shows the U-clamps and braces attached
to keep the sides from bulging under the concrete pressure.
The stirrups were held in proper vertical alignment with an
eight inch wide board resting on top of the form sides.
The concrete was placed in the forms in two lifts. Form
vibrators and internal-type vibrators were used to compact
the concrete. The form vibration was discontinued very shortly
after the full depth had been placed in any section. The
wooden boards supporting the stirrups were removed as soon as
the vibration was completed.
While the prestressed beams were being cast, ten test
cylinders were prepared for future strength and modulus of
elasticity tests. Two shrinkage specimens were also cast at
this time. *
The two prestressed beams were cast in sequence in a
total elapsed time of three hours. The prestressed beams,
26
test cylinders, and the shrinkage beams were then covered
with tarpaulin and steam cured. ^he steam had an average
temperature of 135 degrees Fahrenheit.
After eighteen hours of steam curing, the forms were
stripped from the beams. Three test cylinders prepared by the
plant for the beams were tested in compression. An average
concrete strength of 5000 psi was required before the strands
could be cut. Strand release was delayed for about twenty
minutes to permit attachment of the gage points to the surface
of the beams. The initial surface strain readings were taken
and recorded. The strands were then cut with torches at the
two far ends and at the section between the two beams. The
strands were cut systematically and simultaneously so that
the effective force in the steel would be centered around the
mid-point of the beam. The elastic shortening strains were
read immediately after detensioning. The beams were then lifted
out of the forms and moved to the storage area for further curing.
The shrinkage specimens were stripped and gage points
were cemented to them. Initial readings for strain were taken
and recorded. These shrinkage specimens were placed on sup-
ports (one being a roller so that unrestrained shrinkage could
occur) in the storage area close to the prestressed beams.
Immediately after detensioning the cylinders were stripped
and marked for identification. One cylinder was taken to the
laboratory where it was tested in compression for the modulus
of elasticity and the strength of the concrete.
27
After the beams had been moved to the storage area,
initial deflection readings were taken. Further steam
curing was then continued for a period of two to three days.
28
INSTRUMENTATION AND MEASURING DEVICES
Gage Points
Total strains and shrinkage strains were measured on the
surface of the beams. It was decided that electrical strain
gages would not be placed on the prestressing strands since
these beams were to be used on a U. S. Government project.
The use of electrical stain gages affects the bond of concrete
to the strands and could possibly cause deterioration of the
concrete at the location of the electrical lead wires.
The dimensions of the metal gage points were 1/4" x 3/8"
x 1/16'. A hole was drilled in the center of the gage to
receive the points of the Whittemore Strain Gage. The gage
points were sanded individually to obtain a clean flat surface
to insure a good bond to concrete.
Gage points were placed on the prestressed concrete beam
at the center of gravity of the prestressing steel at the
one half and the one quarter points of the beam. Gage points
were placed on the sides and top of the 6" x 6" x 30" shrinkage
beam. The 6" x 21" x 72" shrinkage beam had three gage points
on its sides. The surfaces of the concrete beams were sanded
to remove any traces of oil and irregularities. The metal gage
points and the surface of the concrete were treated with a
29
weak acid to remove any traces of oil and dirt and then with
a weak base to neutralize the acid.
The surface of the concrete was treated with a catalyst
which decreased the set time of the Eastman 910 contact
cement. The gage points were covered with a fine film of
contact cement and placed on the concrete surface at the
proper gage distance.
The gage points were set at 10 inch intervals to allow
the use of a 10 inch Whittemore Strain Gage. Whittemore
readings were taken periodically by the same individual in
order to obtain consistent results.
Figures 10 to 12 show the gage points in position on the
beams and the strain readings being taken with a Whittemore
Strain Gage.
Camber Measurement
Camber was read with a surveyor's level and rod. As
soon as the pres tressed beams had been moved to the storage
area, initial camber was read at the quarter points and center.
Camber readings were taken periodically thereafter.
The elevation shots were taken on top of bolts and stir-
rups which were marked so that all of the readings could be
taken at the same point.
The prestressing beds were found to be approximately level,
The profile of the bottoms of the beams was taken to obtain












and stirrups. (See Figure 13) A hole was dug deep enough to
enable the readings to be taken with the level. The readings
on the bottom of the beam were taken with an engineers scale.





ON TOP OF BEAM
FIG. 14
MEASUREMENT OF CAMBER
AT THE BOTTOM OF BEAM
FIG. 15
MEASUREMENT OF CAMBER
AT THE BOTTOM OF BEAM
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HANDLING AND STORING
The prestressed beams were lifted from the prestressing
beds and moved to two different storing places. Due to
further curing in the storage area,, some of the beams were
placed close together and strain readings could not be taken
for a period of about two months. After this period the beams
were spaced to allow free access to the sides of the beams.
(See Figure 16) The beams remained in this position for four
months until they were moved to the railroad spur to be shipped
out. Strain readings were discontinued altogether due to lack
of space at the storage area. (See Figure 17)
The shrinkage beams and cylinders were stored next to the









.^"i I v h > ir5Vt MT
FIG. 1
8




Table 1 gives the initial concrete stress at the span
center line along with the concrete strengths of each beam.
The stresses at the center line of the span were calculated
by making use of the prestressing effects and the moments
due to dead load. The calculations for the stresses at
several points along the span are shown in Appendix HA''.
The concrete strengths shown in Table 1 were obtained from
compression tests on the test cylinders.
Table 2 lists the strains for elastic shortening, creep
and shrinkage. The stress loss in the prestressing steel due
to these effects is also listed. The creep and shrinkage
strains listed are those obtained after six months of curing.
The total, shrinkage, and creep strains are plotted in
Figures 19 to 26. The plotted creep strains were obtained by
subtracting the shrinkage strains from the total strains.
Figures 27 to 31 show the measured and calculated modulus
of elasticity of the concrete. The measured modulus of elas-
ticity is the initial tangent modulus of the compression cyl-
inders tested.
Adrian Pauw* has found an equation for predicting the
modulus of elasticity from the strength and air dry weight
of concrete. Kis equation has proven to be quite satisfactory.
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TABLE 1
INITIAL STRESSES AND CONCRETE STRENGTHS









TOP BOTTOM 7-DAY 28-DAY 7-DAY 28-DAY
UIB 90c 1931c 9010 9960 0.21U 0.19U
U2E 90c 1931c 7300 81U0 0.265 0.238
U2F 90c 1931c 7300 8lUo 0.265 0.238
U3E 90c 1931c 6900 7920 0.280 0.2M*
U3P 90c 1931c 6900 7920 0.280 0.2M*
UUE 90c 1931c 6680 8100 0.290 0.239
VkF 90c 1931c 6680 8100 0.290 0.239
U5F 90c 1931c 6650 7780 0.291 0.2U9
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It has been adopted by the American Concrete Institute and
it appears in the ACI Specifications. The calculated modulus
of elasticity was obtained from the following equation
i
E = 33w1>5 f ' 5 (1)
c c
where
E = Static modulus of elasticity of concrete (psi)
c
w = Air dry weight of concrete (pcf
)
f* = Compressive strength of concrete (p6i)
Figures 32 to 36 show the variation with time of the
concrete strengths for each of the beams. Compressive
cylinders were tested at appropriate ages after casting of t
one, seven, fourteen, twenty-eight, sixty, ninety, 130, and
180 days.
Figure 37 shows the shrinkage strains for the 6 H x 6" x 30"
and 6" x 12" x 72" shrinkage beams. One shrinkage specimen
of each size was made from the same concrete batch as that of
beam U5F and were steam cured with that beam. A separate
batch of ordinary concrete was used for the other set of
shrinkage beams, which were cured under wet burlap.
Table 3 gives the measured initial and final cambers and
the ratios of measured final camber to measured initial camber.
Table 4 shows the necessary information required to cal-
culate the total camber. Here the creep strains and shrinkage
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COMPARISON OF MEASURED INITIAL

















U1B 0.214 0.194 0.804 1.340 1.67
U2E 0.265 0.238 0.984 1.490 1.52
U2F 0.265 0.238 0.840 1.345 1.60
U5E 0.280 0.2W* 0.924 1.780 1-93
U3F 0.280 0.244 0.840 1.435 1.79
U4E 0.290 0.239 0.936 1.560 1.67
U4F 0.290 0.239 0.744 1.460 1.86
U5P 0.291 0.249 0.656 1.320 2.08
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The camber at the center line of span due to creep was
calculated by using the equation!
2
A= 0.9575 O- (2)
where
A = Deflection (inches)
= Curvature (radians/inch)
L = Length of beam (inches)
The factor of 0.9575 is used to correct the effect of the
draped strands. The derivation of this equation and sample
calculations are shown in Appendix ('B".
The deflection at the center line due to shrinkage was




P = Prestress loss due to shrinkage (lbs.
)
e = Eccentricity of prestressing steel (inches)
L = Length of beam (inches)
E = Modulus of elasticity of concrete (psi)
4
I. = Gross moment of inertia of section (inches )
Sample calculations are given in Appendix "C".
The initial camber was calculated by making use of the
predicted modulus of elasticity of concrete at the time of
detensioning. The deflection due to elastic shortening was
calculated by using the equation!
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K = Per cent loss of prestress due to elastic
shorter ing




I, = Gross moment of inertia of section (inches )
D
The derivation of this equation and sample calculations are
shown in Appendix MD H .
Table 4 gives the final deflections which include creep,
shrinkage, and initial camber. The measured and calculated
final camber and the ratio of the measured camber to the
calculated camber also appear in this table.
Table 5 lists the data required to calculate total camber
by using the "sustained" modulus of elasticity. The sus-
tained modulus of elasticity is found from the relationship
t
C f + £ - Cs *-e c cr & s
where
€
= Elastic shortening strain (micro-inches per inch)
£ = Six month creep strain (micro-inches per inch)
£ = Six month shrinkage strain (micro-inches per inch)
f = Concrete stress at the level of prestressing
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The total calculated camber may be found by the equation!





Table 5 indues the per cent loss of stress in prestress
steel, concrete stress at the level of steel after detension-
ing, creep and elastic shortening strains, sustained modulus
of elasticity of concrete, calculated- camber, measured cam-
ber, and the ratio of measured to calculated camber. Sample
calculations are shown in Appendix "E*.
Using the stress pattern at the center of the span and
the predicted modulus of elasticity at the time of detensioning,
the elastic shortening was predicted at the center of gravity
of the prestressing steel. The steel stress loss due to
elastic shortening was then used in Equation (4) to predict
the initial camber. From Table 3 it was noted that the ratio
of measured six month camber to initial measured camber was
1.79 for the beams in this study. From Table 4 the ratio
of measured to calculated initial camber is seen to be 0.800.
The product of these ratios is used to find total camber from
initial camber. In Table 6 the predicted initial camber,
measured initial camber, predicted six month camber, measured
six month camber and the ratio of measured to predicted six
month camber are given. Typical calculations for this table
are found in Appendix "F".






384 W^ 8 (7)
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TABLE 6






















U1B 0.965 O.80V 1.372 1.3U0 0.975
U2E 1.032 O.98V I.V70 1.V90 1.01V
U2F 1.032 0.8VO 1.U70 1.3^5 0.915
U3E 1.133 0.92^ 1.615 I.78O 1.103
U3F 1.133 0.80V 1.615 1A35 0.890
VkE 1.089 0.936 1.550 1.560 1.007
OVF 1.089 O.7VV 1.550 1.V60 0.9V 1












w = Weight per linear length of beam (plf
)
L = Length of beam (ft)
2
f = Final stress in strands after detensioning (lbs/in )
2
A = Total area of prestressing strands (in )
e = Eccentricity of prestressing strands at the
center of span (ft)
£ = Elastic shortening strain coefficient (micro-
inches per inch per unit psi compressive strength)
£ = Creep strain coefficient (micro-inches per inch
per unit psi compressive stress)
Table 7 shows the relationship between predicted and
measured total camber. Also listed in this table are the
strain coefficients for elastic shortening and creep, and
the initial and six month predicted modulus of elasticity
of concrete. The six month predicted cambers are also
shown along with the measured cambers on Figures 38 to 45.
Equation (7) does not take into account the effect of
draped strands. It was found in these beams that the
draping of strands would reduce the prestressing moment area
by 4.25 per cent. From Table 2 it was found that the average
prestress loss was 22,733 psi. The f used in Equation (7)
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assumes a rounded off prestress loss of 25,000 psi. By
using a prestress loss of 25,000 psi, the moment area was
actually reduced by an additional 4.30 per cent.
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DISCUSSION OF RESULTS
The prestressing wires were so arranged that the calcu-
lated stresses varied linearly from 90 psi compression at the'
top fiber to 1931 psi compression at the bottom fiber. These
stresses for the mid-point of the beam were found by making
use of the moments due to dead load and the effects of pre-
stressing. The calculation of the stresses at various
sections along the beam may be found in Appendix MA".
The strands were stressed to 175,000 psi and this stress
was maintained throughout the pouring and steam curing
operations. When the strands were cut, immediate shortening
of the beam occurred. This shortening is referred to as
elastic deformation or elastic shortening. Elastic shortening
causes the prestress strands to lose some of their prestressing
force. As time progresses, further losses of stress in the
prestress steel are due to shrinkage and creep.
The stress losses due to shrinkage, creep and elastic
deformation are summarized in Table 2. Shrinkage and creep
strains are given at the end of six months. The stress loss
is found by use of the equation! stress equals the modulus of
elasticity of the steel times the strain. The initial concrete
stress is the maximum compressive concrete fiber stress at the
mid-point section of the beam.
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Shrinkage, creep, and elastic shortening strains are
given in micro-inches per inch. For all of the specimens,
the final average shrinkage strain is 95 micro-inches per
inch, the average creep strain is 446 micro-inches per inch,
and the average elastic shortening strain is 300 micro-inches
per inch.
The shrinkage strain was considerably less than expected.
In designing, engineers generally use a shrinkage coefficient
of approximately .0002 or .0003. Using the 0.0003 value, the
expected shrinkage of 300 micro-inches per inch is more than
three times the shrinkage strain of 95 micro-inches per inch
found in this study.
The creep strains were not as high as were expected.
A. D. Ross 1 ' in "The Loss of Prestress in Concrete," gives
a value of 0.4 micro-inches per inch of strain per psi of
compression stress. With this value, a creep strain of 727
micro-inches per inch would be expected. The study shows that
the actual average creep strain was 446 micro-inches per inch.
For standard portland cement concrete made with good natural
stone aggregate and loaded at 28 days, the creep strain can
be expected to be in the range of 1.0 micro-inches per inch
per psi of compressive stress. The lower value of 0.4 fits
the case in this study because "the 5000 to 8000 lb. concretes
creep less, placing by vibration results in lower cement factors
and correspondingly less creep, the increased concrete densities
resulting from vibration, and possibly from the compacting
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effect of early transfer of stress thereto, decrease the
creep, (and) related as it is to drying out, (creep strain)
has been found to be less in full sized members and structures
than in the small laboratory specimens ordinarily used in
research.''^ Also, high early strength portland cement
and steam curing tend to decrease the total creep. In this
study the creep strain was found to be 0.245 micro-inches per
inch per psi of compressive stress.
The elastic deformation strain was found to be slightly
less than expected. The value commonly used for the strain
is 0.2 micro-inches per inch per psi of compressive stress .
Thus, 364 micro-inches per inch of strain was expected. The
study showed an average of 300. The elastic deformation
strain was found to be 0.163 micro-inches per inch per psi
of compressive stress. In terms of psi loss, the expected
was 9800 psi, using the equation f = £ JE where £ = 364e
'
^ M se^es e
micro inches per inch and E = 27 x 10 psi. The actual average
prestress loss due to elastic deformation was 8100 psi.
The total strain readings for some of the beams could
not be taken throughout their full storage time at the plant.
Some of the beams were allowed further steam curing after re-
moval from the beds and during this time, the approximated
creep strain curve is shown with a broken line.
The variation with time of the total shrinkage, and creep
strain for each beam is plotted in Figures 21 to 28. The creep
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strains for beam U1B and beam U5F are about seventy per cent
of the average creep strain for all of the beams. Table 1
shows that the concrete strength for beam U1B is about 130
per cent greater than the average concrete strength of the
other beams. Therefore, the creep strain can be expected to
be lower than that for the other beams. Beam U5F was the
last beam cast at the plant. Since the beds did not have to
be prepared for further casting, the beam was allowed to remain
in the bed for three days before detensioning. This extra
steam curing may have affected its creep characteristics.
The delay in detensioning of beam U5F is also evident
in the initial camber. The seven other beams had an average
measured initial camber of 0.862 inches while beam U5F had
an initial camber of 0.636 inches. This delay did not seem
to affect the final camber though, as the final camber for
beam U5F was about ninety per cent of the average final camber
of the other beams. In most of the beams, the rate of increase
of creep is decreasing with time. But as expected, the
amount of creep has not settled to a constant value at the
end of the six month period. It can also be noted in these
figures that in most cases, the shrinkage strain seems to
indicate an expansion of the shrinkage models, either through
the absorption of moisture or heat expansion. This shrinkage
characteristic was not noted in an ordinary concrete specimen
cured under wet burlap. (See Figure 37) The 30" and 72"
beams immediately started to shrink and did not show the tend-
ency to expand. It can be noted that the 72* beam has higher
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total shrinkage strain due to more rapid rate of shrinkage
in the first two weeks. After this period, the changes in
shrinkage strain for the 30" and 72" beams were of the same
general magnitude.
To obtain creep strain, the shrinkage strain was sub-
tracted from the total strain of the beam. In calculating
camber,, creep strain and elastic shortening strain yield an
upward deflection, and shrinkage strain yields a downward
deflection. A shrinkage strain curve such as for the
ordinary concrete specimen would have reduced the creep strain
and the calculated camber would probably have been closer to
the measured camber.
No seasonal variation in shrinkage, as was previously
(9 )found in the laboratory
,
was noted. It was expected that
during the humid summer months, shrinkage strain would
increase very slowly or even decrease slightly, and during
the drier winter months, the shrinkage strain would increase
more rapidly. The shrinkage samples did expand during the
summer months but they also expanded during the months of
November and December when winter was setting in. In the month
of November the specimens received 1.07 inches of rainfall.
Also, the beginning of December brought freezing temperatures.
The moisture and the cement paste may have crystallized or
frozen and thus have expanded the model. This is one specific
case where laboratory data could not be in harmony with field
data.
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In the report "Creep and Shrinkage Strains in Pre-
stressed Concrete Using Lightweight Aggregate, " by Professor
(9 )
M. J. Qutzwiller and Mr. R. H. Lee*
, a linear relationship
was noted between the ratio of f /f • and ultimate creep
c c
strain, final steel stress loss, steel stress due to elastic
shortening, final camber and camber ratio (final camber/
initial camber). The f /f ' ratio would make a very useful
c c
indicator of camber, creep and steel stress losses because
the ratio of f /f ' can be obtained very easily and with good
accuracy depending on how many concrete cylinders are sampled
in compression. For this study a similar relationship was
sought. But no such linear relationship between the f /f
'
3 ^ c c
ratio and the above mentioned variables was apparent. The
prestressed beams were poured with high-early strength cement.
After one day, the test cylinders indicated concrete strengths
higher than 5000 psi. All of the beams had the same design
bottom fiber stress of 1931 psi. The ratio of f /f • for all
c c
of the beams at the 23 day age was very close. The range was
from 0.238 to 0.249 with the exception of beam UlB which had
a ratio of 0.194. This close range of f /f ' ratios does not
c c
allow any useful plotting that would be beneficial. It was
desired to sample other beams with different span lengths and
stress patterns. This would have possibly enabled one to find
a relationship between f /f ' and the above mentioned variables.
c c
The beams studied in this research were the only beams available
for this particular study because gage points could not
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be cemented to the other beams. One side of the form for
o
the beams reported herein was dropped 90 and therefore
the side of the beam was accessible for the application of
gage points. Other beams cast during the year had form sides
which could be lowered only 45 . This made it impossible
to cement gage points to the beam at the center of gravity
of prestressing steel. In prestressed concrete beams, the
center of gravity of prestressing steel at the mid-point of
the span is very close to the bottom of the beam.
Table 3 shows the comparison of measured initial and
measured final camber for each beam. The measured initial
camber ranged from 0.636 to 0.994 inches for the beams, and
the measured final camber ranged from 1.320 to 1.780 inches.
The average ratio of measured final camber to measured
initial camber was 1.78.
The predicted modulus of elasticity is compared with the
measured modulus of elasticity in Figures 27 to 31 and is
found to be in close harmony. This predicted modulus of
elasticity was used to calculate the deflection due to elastic
shortening. By using this modulus of elasticity, a more
realistic deflection was found.
By knowing the shrinkage, creep and elastic shortening
strain, the initial camber, the stress pattern in the beam,
and the modulus of elasticity, an effort was made to compute
the 6 month camber. Since measured initial camber is due
mainly to elastic shortening, it can be used as a starting
point for the calculated camber. The camber due to elastic
83
deformation can also be calculated, and this calculated
initial camber can also be used as a starting point for
calculating total camber. Creep strain will add an upward
deflection and shrinkage strain will add a downward deflection
to the initial camber. Deflection due to shrinkage was cal-
culated with the assumption that the shrinkage stress loss is
applied as a force acting at the center of gravity of steel.
Deflection due to creep was calculated on the assumption that
the strain varies linearly across the section.
It can be seen from Table 4 that the ratio of measured
total camber to calculated total camber is 0.686. This low
ratio is partly due to the high calculated camber due to
creep. As shrinkage strain added very little to the total
camber, the measured creep camber was taken as the total
camber minus the initial camber. The ratio of measured creep
camber to calculated creep camber is 0.565. Equation (3)
which is used for calculating creep camber is based on the
assumption that the creep curvature is constant throughout
the span of the beam. This of course is not true because
the stress pattern changes throughout the span length. This
fact is shown in Appendix "A". Equation (3) also does not
take into account that the modulus of elasticity may differ
throughout the beam.
Looking further at Table 4 it can be seen that the calcu-
lated elastic shortening deflection is larger than the measured
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elastic shortening deflection. In calculating the deflection,
the predicted modulus of elasticity was used. The predicted
modulus of elasticity was very close to the modulus of
elasticity found from the test cylinders. It may be that
because the concrete in the beams was better compacted
through internal and external vibrators,
-the modulus of elas-
ticity of concrete in the beam was higher than in the cylinders.
An attempt was made to calculate the total camber based
on the sustained modulus of elasticity of concrete. The
calculations from Appendix "E" are listed in Table 5. The ratio of
measured total camber to calculated total camber is 0.794.
From Table 3 it is noted that the ratio of total final
measured camber to initial measured camber is 1.78. If
initial camber can be predicted accurately, then the ratio can
be used to find final camber. But from Table 4 it can be seen
that the ratio of measured initial camber to calculated
initial camber is 0.800. Therefore, this value is also used
in the equation to predict total camber from initial camber,
equation (2) was used to predict initial camber. The per cent
loss of steel stress was based on the stress pattern at mid-
span and the predicted modulus of elasticity. The calculations
from Appendix "F" are summarized in Table 6. The ratio of
measured final camber to predicted final camber is 0.955.
The shrinkage strains were somewhat erratic. Since the
shrinkage strains had very little effect on the deflection,
it was decided not to use shrinkage in predicting camber for
this series of beams.
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Equation (7) makes use of the deflection equation for
dead load and prestressing force. The combination of these
results in the equation for initial camber. It is assumed
here that there is a linear relationship between elastic
shortening and creep strains and camber. This relationship
is noted in Equation (7) by R. This may not be true, for it
can be shown with a reinforced concrete beam that the addi-
tion of strain does not have a linear effect on its camber.
But nevertheless, the ratio made it possible to accurately
predict camber. The creep strain coefficient of 0.245 micro-
inches per inch per unit compressive stress seemed quite
reasonable as the concrete was steam cured and cast with
high strength concrete. This value instead of 0.4 which is
usually suggested was used in the equation for creep strain
coefficient. The total prestress loss was found to be
22,733 psi. This was rounded off to 25,000 psi for convenience
and also because Equation (7) does not take into account
draped strands. The use of 25,000 in the equation to find
final prestressing force takes care of the necessity to reduce
the equation because of draped strands.
It is interesting to note that the measured camber at
mid-span increased very rapidly during the first month after
casting and was nearly constant thereafter. Creepage normally
continues for years and years, as long as there is a stress
in the Tamber. Thus, camber of the beam should also continue
to increase but at a slower rate over a period of time. As
mentioned in this study, it was found that the measured camber
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reached practically its maximum for the six months in the
first three weeks. The camber then remained relatively the
same regardless of the changes in creep, shrinkage, and the
weather, except for a period of three or four weeks centered
around August 18. Here the measured camber took a small
drop. The answer may lie with the shrinkage strain. All of
the shrinkage models show a marked increase during this period
of time. This may be due to a twenty-eight degree change of
maximum temperature during that week. Since shrinkage of
the beam will cause a negative or downward deflection due to
the loss in stress of the prestressing wires, the drop in
camber may thus be explained.
It is strongly recommended that whenever the basic creep,
shrinkage, and elastic shortening relationships are not
established under conditions similar to those imposed on the
beams in question, deflection must be computed for the
possible upper and lower bounds of their relationships.
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SUMMARY AND CONCLUSIONS
The conclusions listed here are based upon a limited
number of tests and therefore the verification of these
conclusions cannot be made until more tests are conducted
in this area.
a) The 446 micro-inches per inch of creep
strain was much lower than that expected
for a steam cured specimen of high early
strength concrete. The 95 micro-inches
per inch of shrinkage strain was approxi-
mately 1/3 of the 300 micro-inches per
inch expected. The strain of 300 micro-
inches per inch due to elastic shortening
was a little lower but still in good agree-
ment with that expected.
b) The prestress loss was lower than antici-
pated. The average prestress loss in the
steel was 22,700 psi or thirteen per cent.
This is about sixty-five per cent of the
value of 35,000 psi recommended for ude
by designers.
c) The creep, shrinkage, and elastic shortening
deflection equations for calculating camber
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gave consistently higher values than the
actual measured camber. The average
ratio of measured camber to calculated
camber was 0.672. Using the sustained
modulus of elasticity for calculating
total camber, it was found that the ratio
of measured total camber to calculated
total camber was 0.794. The equation for
predicting camber due to creep and elastic
shortening came close to the actual measured
camber, the ratio of measured total to pre-
dicted total camber being 0.977.
d) The predicted modulus of elasticity compares
favorably with the measured modulus of
elasticity from test cylinders.
e) The ratio of measured to calculated initial
camber was 0.800. The measured camber due
to creep was less than the calculated camber,
the ratio being 0.565.
f
)
Steam cured shrinkage samples showed a
negative shrinkage during the first month
of aging. Since shrinkage strains were
small and had little effect on calculated
camber, they were omitted in predicting
camber.
g) Steam cured prestressed concrete beams of
high early strength have a rapid rate of
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camber increase in the first two
weeks after casting,
h) Camber prediction and calculation in
the field is difficult because of the
many variables present. Further re-
search is needed to confirm the equation
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APPENDIX "A" - CALCULATION OF CONCRETE STRESS








. wLM = - =—- + ^ (x - a) Hx H, =
for 0<x£a
1 for a< x< L/2
Moment due to horizontal prestressing strands
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e.g.
M_ = f A e
2 s s c







M-, = - A f cosete + A f cos ex. tan c*. [x - (x-b) H j3ss ess L 2 J
M-, = - A £ cos a e + A f sinoclx- (x-b) H~J3 ss ess L ' 2 J
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for ^ x <= b
H =
* 1 b ^ x < L/2
Concrete stresses at mid-span
Due to dead load
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r 166)(51 583 - l t 583)(12) = compression2(14,530) ^ ^
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Due to horizontal prestressing strands
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APPENDIX "B" - CALCULATION OF CREEP CAMBER










EIA = ( 2 ,. 419 , 000 ) ( 1 2 ) ( 51 . 53 ) ( 1 2 ) ( 51 . 58 ) ( 1 2 )
2
- (707 »910) (12) (34. 39) (12) (3 4. 39) (12)
2 3
EI A = 5.550 x 1012 - 0.241 x 1012





^ X 10° = 95 » 75 Per cent
of the deflection for the beam if there were no draped strands,
Deflection for beam with no draped strands
" 8
> 2 *
LThis is corrected to 0.9575 <—— for the beams in this study.
This correction is only valid for the deflection at mid-point.
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Stress pattern at mid-pointi
V 90 PSI C.
X = Mq3X-72) = 3 * 48 inches
1931 PSI C.
Center of gravity of prestressing wires = 4.46 inches from
bottom.
Distance from zero stress to C.G. of prestressing wires
= 71.02 inches.
.6








0.9575 Rc x 10
6 (100 2 )(12 2 )
71.02(8)
R = Micro-inches per inch of
creep strain





Creep strain after 6 months = 310 micro-inches per inch
A= (0.00242)(310) = 0.751 inches
For beam U2a
Creep strain after 6 months = 398 micro-inches per inch
A= (0.00242)(398) = 0.965 inches
APPENDIX C
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APPENDIX "C" - CALCULATION OF SHRINKAGE DEFLECTION




-6£ = - £•=—- where P = E R A n x 108E I s s s
c
R = Variable (Shrinkage strain
micro- inches per inch)
E = 27 x 10 6 psi
s
2A = 0.1089 in (Area of one
strand of wire)




I = 5.64 x 10 in (moment of
inertia
E = Variable = B x 10 psi
c
L = 100 ft (Clear span)
e = 28.7 3 (Eccentricity of pre-
stressing steel) (inches)
-6
E R A n e L x 10
& = _ _§—§—s
8 E I
c
(27xl0 6 )R s (0.1089)(53)(28.73)(1200)
2 (10~ 6 )
8(B x 10 6 )(5.64 x 10 5 )
R






Shrinkage strain after 6 months = -25 micro-inches per inch
Modulus of elasticity of concrete after 6 months
= 6.21 x 10 6 psi
B = 6.21
A - .00143 (-25)
° " " 6.21
= + 0.00575 = 0.006 inches (up)"
For beam U2E
Shrinkage strain after 6 months = 233 micro-inches per inch,
Modulus of elasticity of concrete after 6 months





= - 0.0584 = 0.058 inches (down)
APPENDIX D
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APPENDIX "D" - CALCULATION OF INITIAL CAMBER
From Appendix "B" we have
Deflection due to prestressing force
E] A. = 5.550 x 10 12 - 0.241 x 1012
= 5.309 x 1012 lb in 3















Deflection equation for the prestressing force should be
reduced by the per cent of prestress loss due to elastic
shortening.
Therefore, the equation for initial camber equals











Per cent of prestress loss due to elastic shortening
= 3.24 per cent
Modulus of elasticity of concrete after 1 day
= 5.25 x 10 6 psi
5 4Moment of inertia = 5.64 x 10 in
£ - bl-0.0324)(5.30q) - 2.187] 1Q
12
5.25 x 10 6 (5.64 x 10 5 )
= 0.997 inches
For beam U2E
Percent of prestress loss due to elastic shortening
= 4.16 per cent
Modulus of elasticity of concrete after 1 day
= 4.98 xlO psi
£ = [(1-0.0416X5.309) - 2.187] 1Q
12




APPENDIX "E M - SUSTAINED MODULUS OF ELASTICITY
MODIFICATION OF CREEP CAMBER
The stress patterns at the mid-point of the beam due to dead





DUE TO D.L. I DUE TO PRESTRESSING
Due to prestressing force, the concrete stress at the level
of steel equals
f
f = (2560)c 175,000





17 5,000 (2560 >
But f = 175,-000 - E
€s s ^s





cs 2 = "
ci
2560






, ,_ c 27x10 , -.-. 2560 .f = 175.000 - —— ( 743 f -?5 )
ci '
t = 175,000 4 20 'g61xl °
6
- 0.395 xlO6 t 8
s ' E . E ,
ci ci
f = 175,000 + 20.061 x 1Q 6
-*Tr;Cl





k = 3.24 per cent I = 5.64 x 106 in4
E . = 5.25 x 10 psi
ci
^e = 210 micro-inches per inch
c = 330 micro-inches per inch
c - -25 micro-inches per inchc s






1 + 0.393 x 10 6
5.25 x 10 6
= 166, 300 psi
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f (2560)
f = - 743 +
cs 175,000
= - 743 + jff;5CK) (2560) = 1695 pSi
£
c




(l-0.0324)(5 t 309)-2 t 187 1Q12 _(5.64)(105)(3.00 xlOb ) X *. 4 inches
In a similar manner the total camber for
Beam U2B = 1.316 inches
U2F = 1.825 inches
U3E = 2.750 inches
U3F = 2. 350 inches
U4E = 1.421 inches
U4F = 2.225 inches
U5F = 1.888 inches
APPENDIX F
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APPENDIX "F" - CALCULATION OF PREDICTED INITIAL CAMBER
It was shown in Appendix "E" that the concrete stress at the
level of steel after detensioning is dependent upon the
reduced prestress steel stress. The elastic shortening
strain may be found by the equation
f
£ _ cs
e ~ E .
ci
The per cent loss of steel stress equals




'« E . f .
si ex si
The equation for initial camber is
^_ (1 - KH5.309 )- 2.187 12
b ci
Substituting for K the equations becomes
r - f e
1 _
cs s






From Table 3 it was noted tha't the ratio of final to initial
camber was 1.78. From Table 4 the ratio of measured initial
camber to calculated initial camber was found to be 0.800.



















= 27 x 10 6 psi
E




si = 175,000 psi
Ib = 5.64 x 10
5 in 4
A = (0.9)1.78










In a similar manner, total camber for
Beam U2E = 1. 4 70 inches
U2F = 1.470 inches
V3E = 1.615 inches
tT 3F = 1.615 inches
U4E = 1.550 inches
U4F = 1.550 inches
U5F = 1.664 inches
APPENDIX G
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APPENDIX »G« - CALCULATION CF
PREDICTED TOTAL CAMBER
2







~-f mnrrete at any time (psi
)
B = Modulus of elasticity
of concre
c 4
I = Gross moment of
inertia of beam (in )
w = weight per linear, foot
of beam (plf
)
L = Lenath of beam (ft)




tal area of prestressing
strands (in )
= Eccentricity of prestressing
strands (ft)
A = To
For the beams in question





















A. = 1.316 x 10
9 (1728 ) R
_
_
4.03 x 1Q6 R
fi (5.64 x 10 5 ) Sc
c
From Table 2 the average creep strain coefficient is





E . = 5.25 x 10 psi
cl
E = 6.21 xlO6 psi
£ e = 5— = c 25 x i o^' = 0.190 micro-inches per inch
ci per unit psi compres-
sive stress
€ e t crR =
€ e
o - 0.19 + 0.2 45 _K
~ 0.190 ~ ^9














= 5 * 71 x lo6 psi
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Ce ~~£ = —
"
c = 0.217 micro-inches per inch
ci 4.61 x 10 per unit psi compres-
sive stress
R -
0.217 + 0.245 - ,,
_
0.217 " 'L ' 1S
& m _ i 4.0 3xl0
6
i!2f13l . .i.502 or 1.502 inches (up)
(5.71x10 )


